Imatinib mesylate is an anti-neoplastic targeted chemotherapeutic agent, which can inhibit tyrosine kinase receptors, including BCR-ABL, platelet-derived growth factor receptors (PDGFRs) and c-Kit. Cellular processes, including differentiation, proliferation and survival are regulated by these receptors. The present study aimed to evaluate the antiproliferative effects of imatinib mesylate, and its effects on apoptotic induction and cell cycle arrest in breast cancer cell lines. In addition, the study aimed to determine whether the effects of this drug were associated with the mRNA and protein expression levels of PDGFR-β, c-Kit, and their corresponding ligands PDGF-BB and stem cell factor (SCF), which may potentially modulate cell survival and proliferation. To assess the antiproliferative effects of imatinib mesylate, an MTS assay was conducted following treatment of cells with 2-10 µM imatinib mesylate for 96, 120 and 144 h; accordingly the half maximal inhibitory concentration of imatinib mesylate was calculated for each cell line. In addition, the proapoptotic effects and cytostatic activity of imatinib mesylate were investigated. To evaluate the expression of imatinib-targeted genes, PDGFR-β, c-Kit, PDGF-BB and SCF, under imatinib mesylate treatment, mRNA expression was detected using semi-quantitative polymerase chain reaction and protein expression was detected by western blot analysis in ZR-75-1 and MDA-MB-231 breast carcinoma cell lines. Treatment with imatinib mesylate suppressed cell proliferation, which was accompanied by apoptotic induction and cell cycle arrest in the investigated cell lines. In addition, PDGFR-β, PDGF-BB, c-Kit and SCF were expressed in both breast carcinoma cell lines; PDGFR-β and c-Kit, as imatinib targets, were downregulated in response to imatinib mesylate treatment. The present results revealed that at least two potential targets of imatinib mesylate were expressed in the two breast carcinoma cell lines studied. In conclusion, the antiproliferative, cytostatic and proapoptotic effects of imatinib mesylate may be the result of a reduction in the expression of c-Kit and PDGFR tyrosine kinase receptors, thus resulting in suppression of the corresponding ligand PDGF-BB. Therefore, imatinib mesylate may be considered a promising target therapy for the future treatment of breast cancer.
Introduction
Breast cancer is the most prevalent female malignant neoplasm worldwide, the frequency of which has increased in recent years (1) . Breast cancer management includes systemic treatments, such as hormone therapy, which suppresses estrogen synthesis or uptake, and chemotherapeutics; as well as topical treatments, including radiotherapy and surgery. Traditional therapeutics that induce inhibition of cell proliferation and DNA replication not only do not possess tumor cell selectivity, but also exert several adverse effects and are associated with inadequate response rates (2, 3) . Contemporary therapies intend to selectively target cancer cells, in order to improve cancer cure rates and decrease cytotoxicity to normal cells. In breast cancer, these efforts have resulted in the generation of therapies that target aromatase (the P450 enzyme that transforms androgens to estrogens) or estrogen receptors. Recently developed drugs, including letrozole and tamoxifen, exhibit specificity against aromatase and estrogen receptors, respectively; these drugs have produced promising results. however, these drugs are reliant on tumors exhibiting hormone dependency, mainly in estrogen receptor-positive breast cancers (4) (5) (6) .
One of the main medical developments in the last few decades is cancer chemotherapy. however, these drugs often exhibit limited therapeutic index, and the obtained responses are often unpredictable as well as palliative. Conversely, targeted therapy is focused on cancer-specific signaling pathways and molecules; therefore, it induces less nonspecific toxicities. Tyrosine kinases are important targets, since they have a significant role in the modulation of tumorigenesis and signaling (7) (8) (9) .
Consequently, novel targeted therapies, which modulate the activity of numerous tyrosine kinase receptors were involved into the therapeutic outlines. Therefore, research has focused on developing novel inhibitory drugs associated with tyrosine kinase receptor pathways. Imatinib mesylate (also known as STI571 or Gleevec) is a targeted, synthetic, oral anti-cancer drug, with a low-molecular weight. Imatinib mesylate is a 2-phenylaminopyridine derivative, which was developed as a selective inhibitor of the BCR-ABL fusion gene product; BCR-ABL is a tyrosine kinase that is contained in a translocation [t(9;22)(q34;q11)] between chromosomes 9 and 22, which is cytogenetically evident as the Philadelphia chromosome (10, 11) . Imatinib usage in cancers other than those typified by BCR-ABL expression is relevant, due to its biological activity on other type III receptor tyrosine kinases, particularly platelet-derived growth factor (PDGF) and c-Kit [cluster of differentiation (CD)117] receptors, which are functionally and structurally closely connected (12, 13) . On binding their corresponding ligands, PDGF and stem cell factor (SCF), these receptors serve a significant role in signal transduction that leads to cell survival. Imatinib inhibits signal transduction in a similar manner to its effects on the BCR-ABL transcribed protein, resulting in either selective proliferation inhibition or apoptosis induction. Notably, imatinib has no effect on any other closely-connected non-mutant protein kinase. (14, 15) .
CD117 is encoded by c-Kit, and is a transmembrane tyrosine kinase receptor that has a significant role in the development of small-cell lung cancer, gastrointestinal stromal tumors, breast cancer and melanoma (16, 17) .
The expression of PDGFR has been established in malignant breast tissue and adjacent stromal cells, including the pericytes that support blood vessels. Preclinical studies have demonstrated that imatinib exerts antitumor activity in a model of breast carcinoma, particularly in osteolytic bone metastases (18) .
Imatinib was initially used to treat chronic myeloid leukemia, resulting in full remission in most patients (19) . Furthermore, in solid tumors, imatinib has been reported to exert antiproliferative activity by suppressing tyrosine kinase receptor signaling, including PDGFRs and c-Kit. It is possible to detect receptor expression in numerous types of cancer, including melanoma, meningioma, prostate, ovary, breast and pancreatic cancer (11, 20, 21) .
Blocking the site of intracellular ATP binding can inhibit stimulation of these kinases and the resulting signal transduction. Imatinib can reduce paracrine and autocrine receptor stimulation, as well as the irregular activation of mutated kinases that develops in certain carcinoma cells (22, 23) . Consequently, imatinib has been used as a chemotherapeutic agent in gastrointestinal stromal tumor therapy, where it deactivates the pathognomonic c-Kit kinase (24) . In addition, imatinib inhibits dermatofibrosarcoma protuberans progression, and promotes apoptosis in leukemia and neuroblastoma. In some types of cancer and metastases, incubation with imatinib has been reported to inhibit the aforementioned receptors and suppress cell proliferation (22, 25, 26) . Furthermore, imatinib has been revealed to inhibit the invasiveness of a panel of human epithelial breast cancer cells with various invasive capacities (13) .
To evaluate the antiproliferative effects of imatinib mesylate through the gene and protein expression of PDGFR-β and c-Kit, and their corresponding ligands PDGF-BB and SCF, ZR-75-1 and MDA-MB-231 breast cancer cell lines were used. ZR-75-1 and MDA-MB-231 cells comprise human tumorigenic epithelial mammary gland cells; ZR-75-1 cells were derived from ascites of the metastatic site of ductal carcinoma in a 63-year-old female patient, whereas MDA-MB-231 cells were derived from pleural effusion of the metastatic site of adenocarcinoma in a 51-year-old female patient.
The present study aimed to evaluate the in vitro antiproliferative effects of imatinib mesylate on breast carcinoma cell lines, and to investigate whether these effects were accompanied by apoptotic induction or cell cytostatic activity. Furthermore, the gene and protein expression levels of PDGFR-β and c-Kit, and their corresponding ligands PDGF-BB and SCF, were detected in breast cancer cells following treatment with imatinib, in order to investigate its potential targets in breast cancer therapy. Cell treatment. Cells cultured in the aforementioned conditions were harvested from 75 cm 2 flasks, rinsed with PBS, and seeded in 96-well plates containing complete cell culture medium at a seeding density of 2,500 cells/well (ZR-75-1) and 1,500 cells/well (MDA-MB-231).
Materials and methods

Materials.
Each treatment group was cultured in triplicate. Following 24 h of culture, adherent cells were incubated in normal medium containing 2, 3, 4, 5, 6, 7, 8, 9 or 10 µM imatinib mesylate for 24, 48, 96, 120 and 144 h at 37˚C. Every 48 h, the medium was completely replaced.
Cells were also exposed to 1 mM hydrogen peroxide to ensure minimal viability (positive control), which caused full cell death, as verified by the trypan blue viability staining. For maximal viability, untreated cells which incubated with complete medium without any drug (negative control).
In vitro proliferation assay. Cell lines were cultured and treated as aforementioned, after which the Cell Titer Aqueous One Solution assay (MTS; Promega Corporation, Madison, WI, USA) was conducted according to the manufacturer's protocol, to investigate whether cell proliferation was inhibited.
The half maximal inhibitory concentration (IC 50 ) value of imatinib, which resulted in 50% mortality of viable cells, was measured using the following equation: IC 50 = [(50 -A)/(B -A)] x (D -C) + C, where A is the concentration which resulted in <50% mortality; B is the concentration which resulted in ≥50% mortality; C is the concentration of imatinib mesylate that gives A% inhibition, and D is the concentration of imatinib mesylate that gives B% inhibition (27) . Subsequently, the IC 50 value was used in further experiments. Student's t-test was conducted for statistical analysis and P<0.05 was considered to indicate a statistically significant difference.
Terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL) assay. Fragmentation of oligonucleosomal DNA (a hallmark of apoptosis) was analyzed using the cell death detection ELISA plus kit (Roche Diagnostics Gmbh, Mannheim, Germany), to determine whether apoptosis was induced by imatinib mesylate. Briefly, 24-well plates were seeded with 10,000 ZR-75-1 cells/well and 6,000 MDA-MB-231 cells/well.
After 24 h, the cell culture medium was replaced with complete medium containing the corresponding IC 50 concentrations of imatinib mesylate. The non-treated control group was cultured in normal medium, whereas the positive control was provided with the kit. Every 48 h, the medium was changed (18) . After 48, 72, 96, 120 and 144 h, the assay was conducted according to the manufacturer's protocol, and an ELISA reader was used to obtain spectrophotometric data at 405 nm.
Cell cycle analysis. ZR-75-1 and MDA-MB-231 cell lines were treated with imatinib mesylate in the exponential growth phase for 72 or 144 h. After the incubation, cells were harvested, washed twice with ice-cold PBS and were fixed in 700 µl cold 80% ethanol at 4˚C overnight. Subsequently, the cells were washed with cold PBS and suspended in 500 µl ice-cold PBS. Cells were then stained with 200 µl propidium iodide (PI; 50 µg/ml) in the presence of 50 µl RNase A (100 µg/ml) for 40 min at room temperature. RNase A was used to degrade the remaining RNA content, in order to ensure PI bound to the DNA of experimental cell lines only. Cell cycle distribution was analyzed using a flow cytometer (BD FACSCanto II; BD Biosciences, San Jose, CA, USA) and ModFit LT v3.0 software (verity Software house, Inc., Topsham, ME, USA).
Gene expression analysis.
To evaluate the potential alterations in PDGFR-β and c-Kit expression, as well as the expression of their relevant ligands PDGF-B and SCF, in cells treated with imatinib, cell lines were cultured in 6-well plates with RPMI-1640 containing 5% FBS. After 24 h of cell adhesion, the cells were cultured in normal medium containing the corresponding IC 50 concentrations of imatinib mesylate for 144 h. The medium was replaced every 48 h; subsequently, total RNA was extracted and gene expression was analyzed.
Receptor expression. In each individual cell line, the expression levels of the tyrosine kinase receptors PDGFR-β and c-Kit, and their relevant ligands PDGF-B and SCF, were detected at the transcriptional level. RNeasy mini kit was used to extract total RNA and RNase-Free DNase (both Qiagen, Inc., valencia, CA, USA) was used to eliminate genomic DNA. Extracted RNA was stored at -70˚C.
Total RNA underwent reverse transcription-polymerase chain reaction (RT-PCR) amplification of nDNA-encoded PDGFR-β, c-Kit, PDGF-B and SCF genes. β-actin was employed as a reference gene for gene expression analysis.
Relative quantification of the transcriptional levels of the genes encoding PDGFR-β, c-Kit, PDGF-B and SCF was conducted using QuantiTect Primer assay kit (Qiagen, Inc., Singapore, Singapore) and RT-PCR SyBR-Green detection according to the One-Step RT-PCR standard protocol. Total RNA (0.1 µg) extracted from treated and untreated breast cancer cell lines underwent One-Step RT-PCR amplifications in 50 µl reactions containing QuantiTect SyBR-Green RT-PCR master mix, QuantiTect Primer assay (Fig. 1) , QuantiTect RT Mix and RNase-free water.
Applied Biosystems StepOne Plus Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.) was used for amplification according to the following protocol: Transcriptase was activated for 30 min at 50˚C for RT, after which temperature was increased to 95˚C for 15 min to activate hotStar Taq DNA Polymerase, inactivate transcriptase and denature the resultant cDNA template. Subsequently, 35 cycles of three-step cycling were conducted, including denaturation at 94˚C for 15 sec, annealing for 30 sec at 55˚C and extension for 30 sec at 72˚C. Finally, amplification was completed with a final extension step at 10 min for 72˚C.
Each test was repeated three times in duplicate tubes. To monitor the reagents used in the assay for probable contamination, control tubes without template RNA were incorporated into duplicates, together with the appropriate primer sets in each test. In addition, PCR amplification was conducted on negative control tubes without template RNA. The efficiency of the four primer pairs was evaluated. Amplification cycle was determined using StepOne Software v2.3 (Applied Biosystems; Thermo Fisher Scientific, Inc.), in which product buildup was beyond the threshold (Cq). RT-qPCR Cq values were analyzed using standard REST 2009 software, which is a standalone software tool developed by Qiagen and M. Pfaffl (Technical University Munich, Munich, Germany) for gene expression data analysis (28) . In order to confirm the reliability of the results in each experiment, the mean Cq of each sample for a given gene in each experiment (repeated four times) was normalized to the mean Cq value of the reference gene in untreated and treated cell lines, which was employed as control (β-actin).
Relative gene expression in untreated groups was calculated according to the following equation : Relative gene expression = 1 / (Cq / Cq hk), where Cq is the average Cq value of the genes of interest in untreated cell lines and Cq hk is the average Cq value of β-actin (29).
Western blot analysis. To determine the effects of imatinib mesylate on the protein expression levels of PDGFR-β, c-Kit, and their corresponding ligands PDGF-BB and SCF, cells were seeded in 12-well plates and were treated with the corresponding IC 50 concentrations of imatinib mesylate for 144 h. Cell lysis buffer [120 mM NaCl, 50 mM Tris-hCl (ph 8.0), 1 mM phenylmethylsulfonyl fluoride and 0.5% NP-40) was used to extract total cell proteins. Subsequently, 40 µg proteins which were quantified by nano-drop instrument, were separated by 10% SDS-PAGE, and proteins were then transferred to a polyvinylidene difluoride (PVDF) membranes (Bio-Rad Laboratories, Inc., hercules, CA, USA). The membranes were blocked with 5% nonfat milk in TBS-Tween-20 buffer 7 (1.5 M NaCl, 0.12 M Tris-base, 0.1% Tween-20) at room temperature for 1 h, after which they were incubated with the relevant primary antibodies at 4˚C overnight. Subsequently, the membranes were incubated with alkaline phosphatase-conjugated secondary antibody at room temperature for 45 min. 
Results
Imatinib suppresses late, but not early, proliferation of breast cancer cells.
To evaluate the antiproliferative and cytotoxic effects of imatinib mesylate on breast cancer cell lines, an MTS cell proliferation assay was conducted. Both cell lines were treated for 96, 120 and 144 h with 2-10 µM clinically relevant imatinib mesylate concentrations (30) in the presence of FBS-containing medium. As shown in Fig. 3 , imatinib mesylate revealed a significant dose-dependent effect on MDA-MB-231 and ZR-75-1 breast carcinoma cancer cell lines. No significant effect was detected in cells treated with imatinib for 48 and 96 h; however, in ZR-75-1 cells, 144 h treatment with <6 µM imatinib mesylate resulted in a significant increase in proliferation inhibition. however, 96 and 120 h treatment with higher concentrations of imatinib mesylate (>6 µM) did not exert time-dependent antiproliferative effects.
The average IC 50 values of imatinib mesylate were determined 144 h after treatment, as follows: 5.5 µM for MDA-MB-231 and 3.92 µM for ZR-75-1 (Fig. 2) . The results of the present study revealed that 144 h treatment had the most significant toxic effect on both breast cancer cell lines. Therefore, 144 h exposure time was selected for further experiments.
Apoptosis is induced with long-term imatinib treatment. The apoptotic effects of imatinib mesylate on breast cancer cell lines were determined using the quantitative TUNEL assay, which detects DNA breakage as a hallmark of late apoptosis. After 96 h, treatment of each cell line with the relevant IC 50 value of imatinib mesylate resulted in a significant increase in the number of apoptotic cells compared with in the untreated group. In the present study, 144 h of exposure was selected for further study in order to determine the inhibitory effects of imatinib on the two cell lines.
As demonstrated in Fig. 4 , the highest percentage of apoptotic cells (39.2%) was detected in the ZR-75-1 group after 144 h, whereas the percentage of apoptotic MDA-MB-231 cells was 35.6% at 144 h, which was slightly lower than the percentage of apoptotic ZR-75-1 cells. however, treatment with imatinib for 120 and 96 h resulted in a significant difference in apoptotic index between MDA-MB-231 and ZR-75-1 cells, this may be due to the inhibitory mechanism of action of imatinib mesylate. Therefore, the results of a TUNEL assay indicated that the ZR-75-1 cell line was more sensitive to imatinib mesylate-induced apoptosis compared with the MDA-MB-231 cell line. Apoptotic induction was confirmed in the positive control group, which was provided by the Cell Death Detection ELISA plus kit (Roche Diagnostics; data not shown).
Imatinib induces cell cycle arrest at G 2 /M phase. The present study indicated that, in breast carcinoma cell lines, imatinib mesylate treatment significantly suppressed cell proliferation after 96 h; however, the antiproliferative effects of imatinib mesylate treatment after 72 h were previously confirmed by Weigel et al (18) in a panel of breast cancer cell lines. Furthermore, in the present study, after 72 h of treatment, apoptosis was not significantly induced by imatinib. Conversely, after 96 h of treatment, apoptosis was significantly induced in the breast cancer cell lines. Subsequently, a cell cycle analysis was conducted to determine the effects of imatinib mesylate on cell cycle progression in ZR-75-1 and MDA-MB-231 cell lines (Fig. 5) . Similar to the results of the proliferation assay, the cell cycle analysis in breast carcinoma cell lines revealed that imatinib suppressed carcinoma cell proliferation, as indicated by a significant increase in cells in G 2 /M phase and a significant decrease in cells in S phase. Furthermore, the results indicated that suppression of cell proliferation after 72 h of treatment was due only to cell cytostatic activity; however, after 144 h, induction of apoptosis, as well as cell cytostatic activity, was responsible for the antiproliferative effects of imatinib mesylate on ZR-75-1 and MDA-MB-231 breast carcinoma cell lines.
PDGFR-β, c-Kit, PDGF-BB and SCF gene expression in breast cancer cell lines.
The expression levels of genes encoding PDGFR-β, c-Kit, and their corresponding ligands PDGF-B and SCF, in breast carcinoma cell lines were investigated using RT-qPCR. The β-actin housekeeping gene was used to normalize the relative expression levels of genes of interest. The results of RT-qPCR are presented in Fig. 6 and revealed that the four genes of interest were expressed in both carcinoma cell lines with variable expression levels. The mRNA expression levels of PDGFR-β were expressed in both carcinoma cell lines at similar levels. Similar to the levels of its corresponding receptor, PDGF-B mRNA exhibited high expression in both carcinoma cell lines; however, higher expression was detected in the ZR-75-1 cell line. c-Kit expression was significantly less in MDA-MB-231 cells compared to ZR-75-1, whereas the expression of its complementary ligand, SCF, was equally expressed in both cancer cell lines. These findings indicated that the breast carcinoma cell lines express at least two potential targets for imatinib. Furthermore, protein expression levels were confirmed by western blotting.
Imatinib affects PDGFR-β/PDGF-B and c-Kit/SCF gene expression.
The relative quantification method was used for gene expression analysis. Gene expression of treated samples was compared with the untreated control group, and was normalized to the endogenous control (housekeeping gene) using REST 2009 software. Following treatment of each cell line with the specific IC 50 value of imatinib, the expression levels of PDGFR-β, PDGF-B and c-Kit were significantly downregulated compared with in the untreated group (P<0.05), whereas SCF was significantly but slightly downregulated in the ZR-75-1 cell line, but was not significantly altered in the MDA-MB-231 cell line.
According to relative gene expression analysis, as presented in Fig. 7 and Table I , the ZR-75-1 cell line exhibited reduced suppression with regards to expression levels compared with the MDA-MB-231 cell line. Results of the PDGF-β gene expression analysis revealed that, similar to its corresponding receptor, its expression was relatively downregulated in the imatinib-treated group compared with in the untreated control group; relative expression levels were lower in the MDA-MB-231 cell line (mean mRNA expression level, 0.34) compared with in the ZR-75-1 cell line (mean mRNA expression level, 0.57). In addition, c-Kit was markedly downregulated in MDA-MB-231 and ZR-75-1 cell lines (mean mRNA expression levels, 0.07 and 0.13, respectively), whereas the complementary ligand SCF was not significantly altered in the MDA-MB-231 cell line, and was insignificantly downregulated in ZR-75-1 cells (mean mRNA expression level, 0.82).
PDGFR-β/PDGF-BB and c-Kit/SCF protein expression is also affected by imatinib.
To evaluate the expression and regulation of genes and proteins of interest under imatinib mesylate treatment, RT-qPCR and western blotting were conducted. In order to confirm the results of the gene expression study, post-transcriptional regulation was analyzed using western blotting.
Western blot images were semi-quantified three times using ImageJ 1.47v software (National Institutes of health, Bethesda, MD, USA), and mean results were considered relative protein expression levels. The relative expression levels of examined proteins in untreated carcinoma cell lines are presented in Fig. 8 . The results revealed that PDGFR-β protein was highly expressed in both examined breast carcinoma cell lines. Similar to its corresponding receptor, the protein expression levels of PDGF-BB were expressed in both cell lines, with markedly higher expression in ZR-75-1 cell line. c-Kit protein expression, as an imatinib mesylate target, was markedly lower than PDGFR-β, with the lowest expression in the MDA-MB-231 cell line; however, SCF protein was moderately expressed in both carcinoma cell lines.
Western blot analysis demonstrated that PDGFR-β, c-Kit and PDGF-BB protein expression was significantly downregulated in cells treated with the corresponding IC 50 values of imatinib mesylate compared with in the untreated control cells, with β-actin as internal control.
As shown in Fig. 8 , the protein expression levels of PDGFR-β were significantly suppressed (P<0.05) in both treated cell lines compared with in the untreated control cells; 
Discussion
Imatinib mesylate is a molecularly-specific anticancer agent, which targets the tyrosine kinase receptors PDGFRs and c-Kit (22) . According to the findings of the present study, imatinib mesylate treatment induced apoptosis of breast carcinoma cells, particularly after 96 h, which may be attributed to the regulation of PDGFR and c-Kit pathways. The incubation time required to induce apoptosis of other cell types varies. For example, neuroblastoma cells exhibit signs of apoptosis after 48 h of incubation, whereas osteosarcoma cells undergo apoptosis after 120 h (31, 32) . The proapoptotic effects of imatinib have been reported in breast cancer cells in the present study, as well as in other types of cancer cells in previous studies; however, imatinib does not induce apoptosis at all time points. For example, in a previous study, in ovarian carcinoma cells, imatinib exerted G 1 /G 0 cytostatic activity (21) . In addition, apoptosis among vascular endothelial cells is not directly related to imatinib treatment and might be the consequence of other factors (21) . Furthermore, Uziel et al (33) reported the cytostatic activity of imatinib in Ewing sarcoma cells in G 2 /M phase. The results of the present study detected a significant G 2 /M phase cell cycle arrest, and a significant reduction in the number of cells at S phase, in breast carcinoma cell lines under imatinib mesylate treatment, and the antiproliferative effects of imatinib were detected, which was concordant with the findings of Malavaki et al (13) . Furthermore, the IC 50 values of imatinib can reach between 4 and 6 µM in human blood serum in vivo (34) . Therefore, the in-vitro IC 50 of imatinib mesylate against MDA-MB-231 and ZR-75-1 which was calculated in this study can be availed in blood. Numerous diseases, including cancer, cardiovascular diseases and developmental defects, have been reported to be associated with the abnormal regulation of cytokines or growth factors, and corresponding receptors. It is well known that breast The PDGF-BB complementary ligand of PDGFR-β was markedly expressed in both studied cell lines. Furthermore, the receptor tyrosine kinase c-Kit, and its complementary ligand SCF, were expressed by both cell lines, and therefore may be considered additional targets for imatinib mesylate treatment. These findings indicated that at least two potential targets for imatinib were expressed by the studied breast carcinoma cell lines.
PDGF protein expression, as a ligand for PDGFRs, was detected in both studied breast carcinoma cell lines. It has been suggested that the paracrine and autocrine effects of PDGF-BB on stimulation of the PDGFR-β signaling pathway are essential for tumor angiogenesis and cell proliferation of breast cancer (38) ; this has also been observed in other malignancies, including glioblastoma and ovarian cancer (39, 40) . The present study suggested that imatinib may inhibit proliferation of breast cancer cell lines by exerting effects on this pathway.
Treatment with imatinib led to reduced gene and protein expression of PDGFR-β in both examined breast cancer cell lines, as determined by RT-qPCR. This outcome has also been reported in neuroblastoma cells, osteosarcoma, ovarian cancer and bone endothelial cells. In addition, it has been reported that autocrine PDGFR signaling may stimulate metastasis of breast cancer. In a mouse model, this could be prevented by imatinib treatment and overexpression of the dominant-negative form of PDGFR (41) (42) (43) .
Notably, in both cell lines used in the present study, treatment with imatinib mesylate resulted in transcriptional and post-transcriptional downregulation of PDGFR-β and c-Kit receptors. Alterations in ligand expression were also analyzed. It is usually presumed that ligand expression increases due to receptor inhibition. however, receptor inhibition may have an effect on the downstream kinase cascade pathway in paracrine signaling, and particularly in autocrine signaling, thus modulating ligand expression. Results of the gene and protein expression analyses established PDGF-BB as an autocrine/paracrine ligand that was downregulated in response to imatinib in both cell lines. however, imatinib treatment did not significantly downregulate SCF expression, which may be attributed to endocrine signaling of this cytokine.
The present results confirmed that imatinib mesylate not only suppressed tyrosine kinase receptor expression, but also affected the expression of the receptor tyrosine kinase ligand, PDGF, which may lead to tumor suppression. however, imatinib could not control the expression of SCF.
Comparison between the sensitivities of ZR-75-1 cells, which expressed PDGFR-β and c-Kit, and MDA-MB-231 cells, which possessed low c-Kit expression, to imatinib mesylate treatment verified that PDGFR-β and c-Kit are targets of imatinib mesylate inhibition. In addition, suppression of PDGFR-β and c-Kit expression via imatinib mesylate may lead to increased inhibition and anticancer effects.
In conclusion, the present study revealed that imatinib mesylate-induced modulation of PDGFR-β, c-Kit and PDGF-BB may result in cell death and growth suppression of breast cancer cell lines via apoptosis or cell cycle arrest. Furthermore, imatinib mesylate targets the PDGFR-β and c-Kit signaling pathways via its effects on downstream kinase cascade regulation, consequently resulting in expression modulation whenever the receptor inhibition result in the gene or protein expression, it confirm the downstream regulation. Therefore, the present study suggested that PDGFR-β and c-Kit expression may be able to predict the effectiveness of imatinib and monitor its potential therapeutic effects in patients with breast cancer. Consequently, imatinib mesylate may be considered a promising medication for the treatment of breast cancer.
